The recently described vaccinia virus entry/fusion complex (EFC) comprises at least eight polypeptides that are conserved in all poxviruses. Neither the structure of the complex nor the roles of individual subunits are known. Here we provide evidence for an interaction between the H2 and A28 subunits in the context of a virus infection as well as in uninfected cells transfected with plasmids expressing the corresponding genes. We focused on a highly conserved 21-amino acid-segment in H2 that is flanked by cysteine residues. The effect of amino acid substitutions within the 21-amino-acid segment was determined by an infectivity complementation assay using a conditional H2-null mutant of vaccinia virus. Mutations that had no, moderate, or large negative effects on complementation were found. The latter group included glutamic acid substitutions of leucine and individual glycines and alanine substitution of both glycines within a LGYSG sequence. Mutations with the most pronounced effect on infectivity disrupted the interaction of H2 with A28 to the greatest extent in both infected and uninfected cells. These data indicate that the LGYSG sequence is important for the interaction of H2 with A28 and suggest that this sequence is buried within the EFC complex.
The recently described vaccinia virus entry/fusion complex (EFC) comprises at least eight polypeptides that are conserved in all poxviruses. Neither the structure of the complex nor the roles of individual subunits are known. Here we provide evidence for an interaction between the H2 and A28 subunits in the context of a virus infection as well as in uninfected cells transfected with plasmids expressing the corresponding genes. We focused on a highly conserved 21-amino acid-segment in H2 that is flanked by cysteine residues. The effect of amino acid substitutions within the 21-amino-acid segment was determined by an infectivity complementation assay using a conditional H2-null mutant of vaccinia virus. Mutations that had no, moderate, or large negative effects on complementation were found. The latter group included glutamic acid substitutions of leucine and individual glycines and alanine substitution of both glycines within a LGYSG sequence. Mutations with the most pronounced effect on infectivity disrupted the interaction of H2 with A28 to the greatest extent in both infected and uninfected cells. These data indicate that the LGYSG sequence is important for the interaction of H2 with A28 and suggest that this sequence is buried within the EFC complex.
Enveloped viruses may enter cells by fusion with the cell membrane following attachment to a receptor and activation of a fusion protein (33) . Substantial progress has been made in determining the molecular mechanisms by which enveloped RNA viruses enter cells, but much less is known about the entry of enveloped DNA viruses. Poxviridae, which are large, complex viruses that replicate entirely in the cytoplasm, have a particularly elaborate system for entry (23) . Vaccinia virus (VACV), the prototypic poxvirus, produces two related forms of infectious virus particles (22, 34) . The mature virion (MV) consists of a nucleoprotein core surrounded by a viral membrane containing at least 20 proteins, whereas the extracellular form (EV) contains an additional outer membrane with a different set of six or more proteins. The MV can be released by cell lysis, but the EV is released from live cells by exocytosis. Two lines of evidence indicate that only the MV membrane is fusogenic. First, images show the MV fusing with the plasma membrane, while the outer EV membrane is disrupted (20) . Second, the viral proteins required for membrane fusion are localized in the MV membrane (29) . Nevertheless, the EV is important for cell-to-cell spread of virus, and deletion of most individual EV membrane proteins greatly hinders this step (3) .
Attachment of MVs may be mediated in part by glycosaminoglycans and laminins on the cell surface (7, 8, 16, 21) , and entry can occur either by fusion with the plasma membrane or by endocytosis (6, 38) . For both routes, the components of a multiprotein entry/fusion complex (EFC) consisting of A16, A21, A28, G3, G9, H2, J5, and L5 (18, 24, 28, 31, 36, 37) and the associated protein F9 (5) are essential. The same proteins are also required for virus-induced syncytium formation, suggesting that they are either activators or mediators of membrane fusion. The proteins of the EFC are not required for virus assembly and have no other known roles in virus replication. In vitro studies also suggest that the A17 protein in conjunction with A27 can mediate cell-cell fusion (19) . However, A17 is required for virus assembly (26, 41) , making it difficult to determine a role in entry.
Many viruses contain one or two proteins that mediate entry and fusion (12) . The identification of a multitude of VACV proteins that are necessary for fusion suggests that poxviruses accomplish this in a unique way. Our laboratory is interested in determining the protein-protein interactions that stabilize the EFC as well as the roles of the individual subunits. The presence of a fusion peptide segment is a characteristic feature of the entry proteins of other viruses. Fusion peptide segments are hydrophobic sequences of about 15 amino acids, usually containing glycine residues, that may be located at the N terminus following maturational cleavage or at an internal location. In some cases, such as Ebola virus and avian sarcoma leukosis virus (9, 14, 40) , cysteine residues flanking the internal fusion peptide join to form a disulfide-bonded loop. We noted the presence of a highly conserved sequence flanked by cysteine residues near the C terminus of the VACV H2 protein.
Using complementation-of-infectivity assays, we demonstrated that mutation of the leucine or glycines of a LGYSG sequence resulted in a loss of function. Further studies showed that H2 interacts with the A28 subunit of the EFC and that mutations of the peptide segment that impaired infectivity also abrogated this protein-protein interaction.
(This research was conducted by G.E.N. in partial fulfillment of the requirements for a doctorate from the Johns Hopkins University/National Institutes of Health graduate training program.)
MATERIALS AND METHODS
Cell and virus propagation. BS-C-1 cells were grown in minimum essential medium with Earle's balanced salt supplement (Quality Biologicals, Gaithersburg, MD) containing L-glutamine and 10% fetal bovine serum. Viral stocks were prepared essentially as described elsewhere (11) .
Expression plasmids. For expression in infected cells, the H2R open reading frame with the promoter region and a V5 epitope tag at the 3Ј end was amplified by PCR using DNA from VA28-HA/H2-V5 (28) as the template. A V5 epitope tag sequence was included at the 5Ј end of the reverse PCR primer. The PCR product was then cloned, using TOPO TA cloning, into the pCR2.1 vector (Invitrogen, Carlsbad, CA). For expression in uninfected cells, codon-optimized H2R and A28L sequences with the three putative N-glycosylation sites of A28 mutated were synthesized by GeneArt (Regensburg, Germany) and cloned into the pVRC8400 vector (2) for expression under the control of the cytomegalovirus promoter. PCR was then used to add a hemagglutinin (HA) and a V5 epitope tag sequence to the 3Ј ends of the A28L and H2R open reading frames, respectively. Truncations of H2R were generated by PCR using reverse primers that included a V5 epitope tag at the 3Ј ends, and the DNA was inserted into pVRC8400. Site-specific mutations of the H2R gene in both pCR2.1 and pVRC8400 were made using the QuikChange site-directed mutagenesis kit (Stratagene, Los Angeles, CA).
Complementation assay. BS-C-1 cells in a 6-well plate were infected with 5 PFU of vH2i containing an intact D8 gene (28) per cell; then, 1 h later, the cells were transfected with 1 g of plasmid that had been incubated with 8 l of Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. After 5 h, the medium was changed. After 24 h, the cells were collected and infectivity determined by plaque titration on BS-C-1 cells in the presence of 100 M isopropyl-D-thiogalactoside (IPTG) (Sigma, St. Louis, MO), or the cells were lysed in 2ϫ sodium dodecyl sulfate (SDS) loading buffer with dithiothreitol (Quality Biological), resolved by SDS-polyacrylamide gel electrophoresis (PAGE), transferred to a nitrocellulose membrane, analyzed with an anti-V5 mouse monoclonal antibody (Invitrogen) followed by a peroxidase-conjugated goat anti-mouse antibody (Pierce, Rockford, IL), and detected with a chemiluminescence detection kit (Pierce).
Immunoaffinity purification. For combined infection and transfection experiments, BS-C-1 cells in a 6-well plate were infected with 5 PFU per cell of vH2i and then, 1 h later, were transfected with 1 g of pCR2.1 or derivatives containing wild-type or mutated H2 that had been incubated with 8 l of Lipofectamine 2000 (Invitrogen). After 5 h, the medium was changed, and after 24 h, the cells were collected and lysed in phosphate-buffered saline containing 1% Nonidet P-40 detergent for 30 min at 4°C. Insoluble material was removed by centrifugation for 10 min at 10,000 ϫ g, and the supernatant was incubated with agarose conjugated to a mouse monoclonal antibody against V5 (Sigma, St. Louis, MO) for 1.5 h at 4°C. The agarose beads were washed with phosphatebuffered saline, and proteins were eluted in loading buffer, resolved by SDS-PAGE, transferred to a nitrocellulose membrane, probed with a polyclonal rabbit antibody against A28 followed by a peroxidase-conjugated anti-rabbit antibody (Pierce), and detected with a chemiluminescence detection kit (Pierce).
For cotransfection experiments, BS-C-1 cells in a 6-well plate were transfected with 1 g of pVRC8400 or pVRC8400/A28HA together with 1 g of pVRC8400 or versions of pVRC8400/H2V5 encoding V5-tagged wild-type, truncated, or mutated H2 that had been incubated with 8 l of Lipofectamine 2000 (Invitrogen). After 5 h, the medium was changed, and after 24 h, the cells were collected and lysed in 0.2% deoxycholate for 30 min at 4°C. Insoluble material was removed by centrifugation for 10 min at 14,000 rpm, and the supernatant was incubated with agarose beads conjugated to an anti-HA antibody (Pierce) for 3 h at room temperature. The agarose beads were washed with phosphate-buffered saline, and proteins were eluted in 2ϫ nonreducing sample buffer with dithiothreitol (Pierce), resolved by SDS-PAGE, transferred to a nitrocellulose membrane, analyzed with an anti-V5 mouse monoclonal antibody (Invitrogen) along with the anti-HA mouse monoclonal antibody 12CA5 (Roche) followed by a peroxidase-conjugated goat anti-mouse antibody (Pierce), and detected with a chemiluminescence detection kit (Pierce).
Confocal microscopy. HeLa cells, seeded onto glass coverslips in a 24-well plate, were transfected with 250 ng of pVRC8400 or pVRC8400/A28HA together with 250 ng of pVRC8400 or versions of pVRC8400/H2V5 encoding V5-tagged wild-type or mutated H2 that had been incubated with 8 l of Lipofectamine 2000 (Invitrogen). After 24 h, the cells were fixed with cold 4% paraformaldehyde for 20 min at room temperature, permeabilized in 0.1% Triton X-100 for 15 min, and blocked for 30 min in 10% heat-inactivated fetal bovine serum. Blocked cells were incubated with an anti-V5 rabbit polyclonal antibody (Covance, Princeton, NJ) and either the anti-HA mouse monoclonal antibody 12CA5 (Roche, Indianapolis, IN) or anti-protein disulfide isomerase (PDI) mouse monoclonal immunoglobulin G2a (IgG2a) (Affinity BioReagents, Golden, CO), followed by an Alexa Fluor 488-conjugated goat anti-rabbit antibody (Invitrogen) and an Alexa Fluor 594-conjugated goat anti-mouse antibody (Invitrogen). Finally, cells were stained with 40 g of Hoechst reagent/ml for 15 min. Fluorescence was examined with a 63ϫ oil immersion objective (numerical aperture, 1.4) attached to a Leica inverted confocal microscope, and images were collected using Leica confocal SP2 software (Leica Microsystems, Heidelberg, Germany).
RESULTS

Effects of mutations within the C-terminal conserved region of H2 on complementation of a conditional null mutant virus.
The H2R gene is conserved in all sequenced poxviruses and encodes a 189-amino-acid polypeptide component of the EFC with a predicted transmembrane domain located 30 amino acids from the N terminus and four invariant cysteines in the ectodomain. The predicted secondary structure consists of several ␤-strands alternating with ␣-helices (28) . The N terminus is embedded in the viral membrane, with the long C-terminal domain extending into the cytoplasm during assembly. The cysteines form two intramolecular disulfide bonds through the action of a unique poxvirus-encoded redox system (28, 32) . Our attention was captured by a highly conserved 21-aminoacid sequence near the C terminus of H2, which was bounded by cysteine residues 162 and 182 and contained a central hydrophobic region interrupted by glycine and serine residues (Fig. 1) . In particular, the LGYSG sequence was reminiscent of a motif found in the fusion peptide segments of some other viruses (1, 10, 25, 27) .
We previously constructed a recombinant VACV called vH2i, in which transcription of the H2R gene was regulated by IPTG (28) . In the absence of IPTG, noninfectious virus particles are formed. These particles bind to cells, but the cores are unable to enter because of a defect in membrane fusion. In order to assess the contribution of individual amino acids to the function of H2, we developed a complementation assay. When cells were infected with vH2i in the absence of IPTG, infectious virus formation could be specifically complemented by transfection of a plasmid containing the wild-type H2R gene regulated by its natural promoter (Fig. 2) . The background infectivity with the empty vector may represent residual inoculum virus, which was grown in the presence of IPTG and therefore contains H2, and incomplete repression of H2 expression. Complementation values were similar to that of the empty vector when leucine 170, glycine 171, or glycine 174 was changed to glutamic acid, whereas there was still measurable complementation when alanine was substituted individually for either glycine 171 or glycine 174 (Fig. 2) . However, replacement of both glycines 171 and 174 with alanine led to a severe loss of complementation (Fig. 2) . Simultaneous replacement of both cysteines 162 and 182 was less deleterious than replacement of cysteine 182 only. This could be explained by aberrant disulfide bond formation as a result of an odd number of cysteines, since our preliminary data are consistent with a disulfide bond between cysteines 162 and 182. Despite their complete conservation, replacement of phenylalanine 176 with glutamic acid or serine 173 with alanine had no effect on complementation. Substitution of alanine for tyrosine 172 or tyrosine 175 caused an intermediate reduction in complementation. Western blotting showed that the mutated proteins were expressed at approximately wild-type levels (Fig. 2B) . Effects of mutations within the C-terminal conserved region of H2 on interaction with A28. In view of the presence of eight or more subunits within the EFC, a large number of polypeptide interactions must occur. Previous studies indicated that the A28 subunit is important for assembling or stabilizing the EFC and suggested that A28 interacts directly or indirectly with H2 (28). The next series of experiments was designed to determine the effects of mutations in the C-terminal conserved region of H2 on the interaction with A28. As in the experiments described in the preceding section, cells were infected with vH2i in the absence of IPTG and transfected with plasmids containing wild-type or mutated H2 under the control of its natural promoter. Similar amounts of the wild-type and mutated H2 proteins, all of which had a C-terminal V5 epitope tag, were captured with an anti-V5 antibody coupled to agarose, as determined by Western blotting (data not shown). Similar amounts of A28 were associated with wild-type H2 and with the S173A, G174A, and F176E mutants (Fig. 3) , which were all able to complement vH2i infectivity ( Fig. 2A) . In contrast, very small amounts of A28 were detected in association with the G171A G174A, G174E, L170E (Fig. 3) , and 3 . Effects of mutations in a conserved segment of H2 on association with A28 in infected cells. Cells were infected with vH2i in the absence of IPTG and transfected with an empty plasmid vector or plasmids containing wild-type or mutated H2 with V5 epitope tags. H2-V5 was then captured with agarose beads coupled to anti-V5 antibody. Bound proteins were eluted and detected by chemiluminescence after Western blotting with anti-A28 antibody. The anti-A28 antibody was prepared from rabbits that had been immunized with a soluble recombinant form of A28 (to be described elsewhere). G171E (data not shown) mutants, which failed to complement vH2i ( Fig. 2A) . The intermediate amounts of A28 detected in association with the Y172A, G171A, and C162A mutants (Fig.  3 ) are consistent with an intermediate level of complementation ( Fig. 2A) . Thus, for each mutant there was a good correlation between vH2i complementation and interaction with A28.
H2 associates A28 specifically. It was not known whether H2 interacts with other EFC polypeptides. Our previous studies had shown a major disruption of the EFC when expression of the A21 subunit was repressed (29) . Under these conditions, H2 remained associated with A28 but did not copurify with two other components of the EFC (A16 and L5) for which we had antibodies at the time. To further investigate EFC subunit interactions, we constructed a new recombinant virus, vA21iA28TAP, that has an inducible A21 and a TAP tag on the C terminus of A28. When A21 was expressed in the presence of IPTG, all eight subunits were affinity purified with A28, as determined by mass spectroscopy of the indicated gel slices (Fig. 4, ϩ IPTG) . The non-VACV proteins identified were also present in the untagged VACV WR control, indicating nonspecific affinity purification. When IPTG was omitted, only H2 Triton X-100, followed by brief sonication. The postnuclear supernatant was incubated with streptavidin Sepharose, washed, and eluted with biotin as described elsewhere (39) . The eluate was concentrated and separated by SDS-PAGE. The gel was stained with Coomassie blue, and protein bands were cut from the gel, digested with trypsin, and analyzed by mass spectrometry. The Coomassie blue-stained gel is shown. Protein identities are given to the right of the designated band. Peptides belonging to J5, A21, and L5 were identified within the same band. RNP A2/B1 refers to ribonucleoprotein A2/B1, isoform A2 (gi 3329498). The masses (in kilodaltons) of marker proteins are given on the left.
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on July 12, 2017 by guest http://jvi.asm.org/ was specifically associated with the TAP-tagged A28 (Fig. 4 , Ϫ IPTG).
To further investigate the interaction of H2 and A28, we constructed plasmids that express HA epitope-tagged A28 (A28-HA) and V5 epitope-tagged H2 (H2-V5) under the direction of the cytomegalovirus promoter. The plasmids were transfected separately or together into uninfected cells. Cell lysates were incubated with anti-HA antibody coupled to agarose, washed, and analyzed by Western blotting. A specific association of A28 with H2 was demonstrated in the absence of any other viral proteins (Fig. 5A) .
Effects of mutations within the C-terminal conserved region of H2 on the interaction with A28 in uninfected cells. The demonstration of a specific interaction between H2 and A28 allowed us to confirm the effects of mutations within the conserved region between amino acids 162 and 182 of H2. H2-V5 was truncated immediately before the first conserved cysteine (H2⌬102-189) or immediately before the third conserved cysteine (H2⌬162-189) in the absence of other viral proteins. A plasmid expressing truncated H2 or full-length H2 with a V5 tag was cotransfected with the plasmid expressing A28-HA, and lysates were incubated with beads coupled to the anti-HA antibody. Although each H2 construct was stably expressed, only full-length H2 was able to bind to A28 (Fig. 5B) . Thus, the C-terminal conserved region was required for interaction with A28 in this assay. Next, we made point mutations in the H2 protein that had been tested in the infectivity complementation assay: L170E and G171AϩG174A, which were unable to complement, and F176E, which complemented as well as wild-type H2 did. Again, each of the mutated proteins was stably expressed. However, only the wild-type and F176E proteins interacted with A28-HA (Fig. 5C) .
Confocal microscopy was carried out to determine whether the inability of mutated H2 proteins to interact with A28 was specifically due to their cellular mislocalization. Examination of uninfected cells expressing unmutated H2 and A28 indicated their colocalization with each other and with PDI, an endoplasmic reticulum-resident protein. Next, we determined that the mutated H2 proteins, regardless of their ability to associate with A28 in the coimmunoprecipitation assay, colocalized with A28 and PDI ( Fig. 6A and B) . Therefore, the failure of the L170E and G171AϩG174A mutants to interact with A28 was specific and not due to mislocalization. Taken together, our data show that H2 and A28 interact with each other, that selected mutations within a conserved region near the C terminus interfere with this interaction, and that this interaction is necessary for virus infectivity.
DISCUSSION
The elucidation of the mechanism of poxvirus entry is a daunting task, given the large number of proteins involved, the existence of two infectious virus forms, and the simultaneous utilization of both low and neutral pH modes of fusion (29) . Here we have taken an initial step in defining the interaction between two of the EFC proteins, H2 and A28. The interaction was first inferred by copurification of proteins from cells in which formation of the EFC was perturbed by preventing expression of one subunit. When expression of the A21 subunit was repressed, TAP-tagged A28 and H2 were the only two viral proteins recovered by affinity purification. Nevertheless, for these two proteins to be part of a larger network, at least one of them must interact with a third protein. A21 might be a second binding partner of one of the proteins, since its expression was specifically repressed. Alternatively, the interaction of A28 and H2 with another protein may not have been sufficiently stable to survive the purification procedure or was not detected by the mass spectroscopy analysis. Analysis of uninfected cells transfected with plasmids expressing H2 and A28 confirmed that the interaction of A28 and H2 does not require any other viral proteins. Ordinarily, in infected cells, these two proteins are inserted into unique viral membranes (28, 30) . However, in uninfected cells, the two proteins colocalized with an endoplasmic reticulum marker when expressed under the transfection conditions described above, under which no viral membranes were formed. Recent studies suggest that viral proteins may normally traffic from the endoplasmic reticulum to the nascent viral membrane in infected cells (17) .
A 21-amino-acid sequence flanked by cysteine residues that may form a disulfide loop in H2 appears to form an interaction site with A28. Our initial interest in this sequence was based on high conservation among chordopoxviruses and entomopoxviruses, as well as the resemblance of this sequence to some internal fusion peptides. In particular, LGYSG is similar to sequences found in the fusion peptides of other viruses: GLFG in influenza virus, GLFG or GFFG in flaviviruses (1), and GFLG in retroviruses (10, 25) and hepatitis B virus (27) . In several cases, the importance of this conserved sequence for fusion has been determined by mutagenesis (1, 4, 13, 15, 35) . Using a complementation-of-infectivity assay, we found that glutamic acid substitutions within the LGYSG sequence of H2 or the substitution of alanines for both glycines resulted in a loss of function. Interestingly, these mutations also interfered with the interaction of H2 with A28 in both infected and transfected cells. Since the conserved peptide segment of H2 was important for the association with A28, we cannot determine whether it has a second role in fusion. However, since fusion peptides are typically buried in the prefusion state, it is possible that the LGYSG sequence of H2 is concealed within the EFC by interaction with A28 and is exposed during a conformation change initiated by receptor binding or low pH.
